Introduction
Recent observations indicate that sex and level of steroid hormones may influence cortical networks associated with specific cognitive functions, in particular visuospatial abilities [1] [2] [3] [4] [5] [6] [7] . On the other hand, a variety of factors, including stress, emotions and other brain activities, can themselves influence hormone levels. For example, sexy thoughts increase testosterone levels in women [8] . Watching and participating in sexual activities induce elevation of male testosterone levels [9] . Hormonal changes also occur when falling in love. Testosterone levels are lower in men in love, while women of the same group present higher testosterone levels [10] . Human competitive interactions highly influence hormonal fluctuation [11] . The victory in a sport competition provokes strong emotions associated with an increase of testosterone [11] . Conversely, stress can lower the level of testosterone in human body. To explore these interactions, laboratory studies have the advantage of standardization of the stressor and better control for known confounding factors. Commonly used stressors in the laboratory setting include mental arithmetic exercises, speech tasks, the Stroop test, videogame playing, films or videotapes and interviews [12] . The results of previous studies suggest that an acute psychosocial laboratory stressor has no strong rapid effects on salivary gonadal steroid hormones. The findings might suggest that stress-induced changes in gonadal steroids occur only in response to more extreme stimuli such as physical stressors or competitive stressors [13] . Mental rotation testing can be considered as a kind of stress accompanied by competitive behavior. No study has been previously published to prove the effect of a mental rotation task on testosterone and cortisol levels. The main objective of this study was to analyze the patterns of endocrine responses to an individual visuo-spatial 3D task and estimate the impact of a demanding task on hormonal levels in healthy young people. We hypothesize that a mental rotation task, as a kind of competitive stressor, will evoke changes in plasma testosterone and cortisol levels.
Experimental Procedures
Volunteers enrolled in this study (9 women and 9 men) were young healthy people with a mean age of 25.6±2.5. None of them reported any medical disorders, used any hormonal substitution, contraception or other drugs known for affecting sex hormone levels. All subjects were provided with clear instructions and informed of the study plan, including the two blood samplings (before and after the mental rotation activity). Three days before testing, subjects were instructed to reduce physical activity and maintain alcoholic and sexual abstinence. Blood samples were drawn from the cubital vein before and immediately after mental rotation testing. Blood samples were centrifuged for 10 min at 2000xg, and plasma was stored at -20ºC. All participants provided written informed consent. The experiment was approved by the Ethical Committee of the Institute of Molecular Biomedicine, Comenius University, Bratislava, Slovakia. To reduce the influence of circadian and circalunar rhythms on the study outcomes, sampling and mental rotation testing was performed only in the morning between 08.00 and 10.00. For female subjects the sampling and testing was planned during the midluteal phase of their menstrual cycle.
A 3D Tetris game (www.3dtetris.com) was used for mental rotation testing. The principle of the game is to rotate and place 3-dimensional (3D) objects into each other, completing the layers of the playing field. There is a limited time to choose the correct object orientation and place it in the right location due to the constant movement of the objects toward the bottom of the playground. Once objects have landed, there is no further possibility of changing their location or orientation. The score for one game is based on the number of completed layers and on the number of objects placed correctly before the gameis over. After detailed instructions and 10 minutes of a familiarisation trial, all participants played 3D Tetris for one hour. A total score was calculated as the sum of scores for all games completed in the hour; the top score was the highest score achieved in any game in the hour.
Testosterone, cortisol, follicle-stimulating hormone (FSH), luteinizing hormone (LH) and estradiol levels were determined using commercially available ELISA assays (DRG Diagnostics, Marburg, Germany) according to the manufacturer's instructions. The intraessay coefficient of variation was 4.3% (testosterone), 4.2% (cortisol), 5.2% (LH), 4.8% (FSH), 3.9% (estradiol) and interassay 7.4% (testosterone), 7.2% (cortisol), 9.1% (LH), 8.2% (FSH), 6.9% (estradiol). Change in hormonal levels before and after the mental rotation activity within one gender were tested using the Wilcoxon test. Gender comparisons of the baseline plasma testosterone and cortisol levels and achieved total and top score in one hour of the mental rotation task were done using the Mann-Whitney test. Correlation analysis was done using linear regression and the Spearman test. The differences between two correlation coefficients were calculated using the test of the difference between two independent correlation coefficients. Two-way repeated measures ANOVA was used to prove the effects of between-subject (males vs females) and within-subject (before vs after) factors. P-values less than 0.05 were considered significant. Data are presented as mean + standard deviation.
Results
Men had higher baseline levels of plasma testosterone than women (U=0, P=0.0004, Figure 1A ). Before starting the game, no significant gender differences in plasma cortisol were found (U=21, P=0.094, Figure 1B ). Men reached higher total scores (U=7, P=0.004, Figure 1C ) and higher top scores (U=13, P=0.027, Figure 1D ) in the mental rotation test compared to women.
In 8 out of 9 women, testosterone levels decreased after one hour of mental rotation testing (W=43, P=0.008, Figure 2A) . In men such an effect was not found (W=27, P=0.129, Figure 2B ). Twoway repeated measures ANOVA showed significant between-group differences (males vs females) and also within-subject difference (before vs after) ( Table 1) . In all women, plasma cortisol levels was lower after testing (W=45, P=0.004, Figure 2C ). In men, cortisol levels decreased in 7 out of 9 subjects (W=35, P=0.039, Figure 2D) . Changes in cortisol level before and after the task in the entire test population was significant. Differences between males and females in the cortisol level response were not significant. LH did not change significantly within the group of women (W=15, P=0.426, Figure 3A ) or in men (W=-19, P=0.480, Figure 3B ). FSH decreased significantly in all women (W=55, P=0.002, Figure 3C ). In men, a non-significant reduction in FSH level was detected in 7 out of 9 subjects (W=16, P=0.569, Figure 3D ). Estradiol levels were significantly decreased in women (W=41, P=0.037, Figure 3E ). In men, such a reduction was not found (W=22, P=0.424, Figure 3F ). Using two-way repeated measures ANOVA it was shown that mental rotation caused significant changes in FSH, LH and estradiol levels comparing before and after hormonal levels in the entire tested population. No significant gender differences was detected in FSH, LH or estradiol levels in response to the mental rotation task. Table 1 presents the results of the two-way repeated measure ANOVA showing within-group (before vs after) and between-group (males vs females) effects.
No association between game scores and baseline testosterone levels was found in women (for total score -r=0.1004, P=0.810; for top score -r=0.0335, P=0.948). In men there was a positive correlation between testosterone and game scores (for total score -r=0.8333, P=0.015; for top score -r=0.7857, P=0.028). Calculation for the test of the difference between two different correlation coefficients revealed a significant gender difference in the association between the test performance and testosterone level (P<0.05). Plasma cortisol levels before testing did not correlate significantly with mental rotation scores in women (for total score -r=-0.5833, P=0.1080; for top score -r=-0.65, P=0.067) and correlated negatively in men (for total score -r=-0.8095, P=0.022; for top score -r=-0.8095, P=0.022). There was no significant difference in the association between mental rotation score and cortisol level (P>0.05) in the total group. Data for the top scores showed similar associations to the total scores so only Figure 1 . Gender comparison of the baseline plasma testosterone and cortisol levels and achieved total and top score in one hour mental rotation task. Men had higher baseline levels of plasma testosterone than women (A). Before starting the game, no significant gender differences in plasma cortisol were found (B). Men reached higher total scores (C) and top score (D) than women in the mental rotation task. P-values less than 0.05 were considered significant. Data are presented as mean + standard deviation.
Between-group factor
Within-group factor (men vs women) (before vs after) A B D C associations of total scores are graphically presented on Figure 4 . No associations were found between the dynamics of hormonal levels and mental rotation scores (data not shown). No associations were found between game scores and testosterone or cortisol levels after testing.
Discussion
Sex differences in plasma testosterone levels at baseline were comparable to the findings of other studies [14, 15] . Plasma cortisol levels at baseline tended to be non-significantly higher in women. However, as we did not evaluate any parameters indicating stress response, we can only assume that women perhaps experienced the situation as more stressful than men did. Men performed significantly better in the 3D mental rotation task, indicated by their higher total and also top scores when compared to women. However, the well-documented sex difference in mental rotation skills favoring males has been shown only with 2D presentations of 3D objects, but not with actual 3D objects or with virtual reality presentations of 3D objects [16] . The gender-specific cognitive ability in term of mental rotation can be generally related to different neurobiological processes, task-solving strategies or different brain architecture in both sexes [17] .
A recently published paper presented interesting evidence that testosterone and cortisol increases or decreases in relation to the number of wrong answers on an exam. In that study the number of wrong answers was a better predictor of the hormonal changes (with an increase in both testosterone and cortisol in successful students and a decrease in unsuccessful students) [18] . We analyzed hormonal changes after one hour of mental rotation testing expecting men to achieve a better score than women. The change in testosterone level after this cognitive effort was proved significant. A gender-specific response was also found. Within the group of women who scored worse in the demanding task, a significant reduction in testosterone level was shown, in agreement with previously published data [18] . Testosterone could be reduced due to a decrease in testosterone production after one hour of mental activity resulting in subsequent increase of Figure 2 . Plasma testosterone and cortisol changes after one hour mental rotation task in both sexes. In 8 out of 9 women testosterone levels decreased after one hour of mental rotation testing (A). In men no significant change was not found (B). In all women plasma cortisol levels was lower after testing (C). In men cortisol levels decreased in 7 out of 9 probands (D). P-values less than 0.05 were considered significant. either in men (B). FSH decreased significantly in all women (C). In men non-significant reduction in FSH level was detected in 7 from 9 probands (D). Estradiol levels were significantly decreased in women (E). In men, such a reduction was not found (F). P-values less than 0.05 were considered significant.
LH production via a negative feedback mechanism [19] . However, our analyses showed baseline and post-activity plasma LH levels in women were not significantly changed. The decrease could be a result of testosterone conversion into estradiol after one hour of a mental rotation activity. Elevated estradiol levels could cause a decrease in FSH production. Surprisingly, it was detected that both estradiol and FSH concentrations significantly decreased after mental activity in group of females. Within the group of male tested separately, we found that testosterone, estradiol, LH and FSH levels remained unchanged after mental activity. Twoway repeated measures ANOVA calculations did not indicate true significant gender difference in FSH, LH or estradiol response to cognitive effort. The cortisol level was significantly changed within tested population. Post-activity cortisol decreased non-significantly in 7 out of 9 males and significantly in all women. A significant gender difference was not proved probably due to low sample size. Testosterone and cortisol trended to show parallel declines in women but not in men, replicating a previous study [20] . This parallelism is consistent with a In women, testosterone is largely produced in the adrenal cortex, the same organ that produces cortisol. Perhaps the adrenal cortex was stimulated by the stress to produce both hormones, and then they declined together with habituation. Against this is the finding that adrenocorticotropic hormone, injected intravenously, produces in women elevated cortisol but no elevation in testosterone [21] . In any case, testosterone and cortisol are less likely to be linked in men, who primarily produce the two hormones in different organs. In our study we did prove a significant gender difference in testosterone but not in cortisol response. Baseline plasma testosterone and cortisol levels were correlated with both the total score and highest score reached after one hour of playing. In women, no significant correlation was proved between either testosterone or cortisol levels and the results in the game; a significant relationship was found only in males. Correlation coefficients in males and females were compared statistically to prove a true group difference. A gender-specific difference in the association between test performance and hormone levels was detected for testosterone. A previously-published paper showed no clear correlation between the concentration of steroid hormones and psychomotor performance in military men and women [22] . We showed that baseline plasma testosterone levels positively correlated with total and top score within the group of men. Previously published data showed an inverted U relationship between plasma testosterone levels and mental rotation or spatial orientation ability [23] . Celec et al. [24] pointed out that increasing testosterone levels do not necessarily lead to an amplification of male-type characteristics. It seems that there is something like an optimal level of testosterone for certain cognitive abilities. There are several reasons that could cause discrepancy between our results and other studies. First, it can be related to the small number of subjects involved in our study which prevented us from covering the whole spectrum of testosterone levels in order to estimate the relationship with mental rotation skills more comprehensively. Secondly, higher testosterone levels could be connected with higher motivation and competitive behavior which No association between testosterone levels before testing and mental rotation was found in women (A). In men testosterone and mental rotation correlated positively (B). Plasma cortisol levels before testing did not correlate significantly with mental rotation in women (C) and correlated negatively in men (D). P-values less than 0.05 were considered significant.
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would then modulate the final achievement in mental rotation task [25] . Third, the proposed non-linear relationship between testosterone levels and spatial visualization was predicted based only on a 2D task [24] Baseline plasma cortisol level in men correlated negatively with the total and top score in the game. In females such a relation was not found. A significant gender difference was not seen, possibly due to low sample size. Increased cortisol levels associated with psychological stress can slow down the response and reaction time resulting in worse achievement in given task [26] . A similar relationship was not seen when postactivity testosterone and cortisol levels were correlated with game score; there is a significant difference when samples for hormone evaluation and correlation with mental rotation skills are collected before or after the activity.
In conclusion, men outperformed women in a 3D mental rotation task in terms of the total and also top scores achieved. The majority of published studies have focused on the effects of exposure to violent video games on neuroendocrine functions. Our study indicates that one hour of a non-violent mental rotation activity also causes significant changes in testosterone, cortisol, FSH, LH and estradiol levels. A significant gender difference was shown only in the testosterone level response to mental rotation stimuli. The main limitation of our study is the small sample of subjects and individual variability; therefore current results may only be applicable to a restricted population. Moreover, we cannot conclude that the relationship found between hormonal responses and the mental rotation activity was specifically due to motivation, competition, winning or losing, as it is mediated by complex psychological processes. Furthermore, it was not able to distinguish between hormonal changes caused by mental rotation, versus nonspecific fluctuations. In future research, a well-designed control group would be beneficial to support the findings of this study.
